ZnO films with orientations of (001), (110), and (100) were fabricated on silicon by different substrate biases at low temperature. Dynamic cathodoluminescence (CL) dependence on electron bombardment revealed unstable Zn-N bonding if N 2 was used as a predecessor. CL under various accelerated voltages showed the possible energies of Zn-N. N-related photoluminescence (PL) at low temperature confirmed that nitrogen was released after annealing. These N-doping behaviors agreed to the theoretical calculation.
INTRODUCTION
Recently, the fabrication of ZnO films by the filtered cathodic vacuum arc (FCVA) technique has aroused interests because of the readily adjustable deposition parameters, large area, low growth temperature, and convenient in-situ doping when conducted under an overlying plasma [1] [2] [3] [4] [5] [6] . ZnO films have been synthesized under non-equilibrium conditions in our plasma immersion ion implantation and deposition (PIII&D) system that is similar to FCVA because of the high kinetic energies of the precursors accelerated by the substrate bias and low substrate temperature [7] . Hence, films with unique properties can be fabricated on silicon, and more information can be obtained to fathom the growth mechanism of ZnO films.
In this work, (001), (110), and (100) ZnO films were synthesized on silicon by using different substrate biases at low temperature. The N-doping behavior was investigated using dynamic cathodoluminescence (CL) under various accelerated voltages to determine the possible energies of Zn-N. Comparison of the photoluminescence (PL) spectra acquired from ZnO single crystal, undoped ZnO film, fresh N-doped ZnO film, and N-doped ZnO films after rapid thermal annealing (RTA) showed the N-related PL ranges and demonstrated unstable Zn-N bonding.
EXPERIMENTAL DETAILS
The substrates were 10 ~ 30 Ω⋅cm p-type (100) silicon wafers. The base pressure in the vacuum chamber of our plasma immersion ion implanter equipped with a cathodic arc vacuum arc source was about 1 × 10 -5 Torr [7, 8] . The zinc plasma was formed in the cathodic arc source, guided through a magnetic filter to reduce detrimental macro-particles, and drifted into the vacuum chamber. Oxygen gas (flow rate: 20 sccm; pressure: ~ 1.0 × 10 -3 Torr) was simultaneously bled into the vacuum chamber during deposition and interacted with the drifting zinc plasma thereby producing a dual plasma consisting of both zinc and oxygen ions. The samples that were biased from 0 to -300 V were positioned about 10 cm from the exit of the plasma stream. To produce N-doped films, a mixture of gases [flow rate (O 2 : N 2 , sccm): 5: 15 (heavily N-doped); working pressure: ~ 1.0 × 10 -3 Torr] was used and the Si substrate bias was -300V. The photoluminescence (PL) spectra were acquired using a He-Cd laser (325 nm) at 11K. CL was conducted on Oxford Instrument Mono CL system at room temperature [9] . Figure 1 shows the XRD patterns of the ZnO films deposited at room temperature under various substrate biases. ZnO films with three orientations (100), (110), and (001) are observed. In spite of the absence of external heating, ion bombardment heated the substrate during PIII&D and the substrate temperature was about 200ºC. Since the ion energy is related to the substrate bias, the actual substrate temperature varies slightly under different substrate biases, but the difference is not large. The quality of films is indicated by the intensity and full-width at halfmaximum (FWHM) of the XRD peaks. All the FWHM values are about 0.4 ~ 0.5 degrees. Only the (110) oriented film shows a slight amorphous structure as shown in Fig. 1(b) .
RESULTS AND DISCUSSION
The N-doping behavior was explored using CL as a function of electron bombardment and accelerated voltage. In the N-doped ZnO film, the intensity of the ultraviolet (UV) band decreases and that of the visible band increases as a function of electron bombardment time at 5 kV, as shown in Figure 2 . It is well known that the visible bands in CL of ZnO originate from several defects that are quite complex [9] . Since there exist visible bands for normal defects in ZnO and their CL intensities generally decrease with electron bombardment [7, 9] , it can be deduced that the visible band in our N-doped ZnO film should include two kinds of emission centers: normal defects in ZnO and abnormal center for the unexpected CL characteristic (increase in the visible range). The visible part of the CL spectra is deconvoluted into peaks I and II as shown in Fig. 2 . Two bands, yellow (Peak I: ~2.10 eV) and red (Peak II~1.8 eV), can be observed at the first cycle of electron bombardment. The inset in Fig. 2 shows the increase of the Peak II intensity as a function of electron bombardment under various voltages (2, 3.5, and 5 kV; same CL current). There is no change in the intensity of peak II at 2 kV and a little increase at 3.5 kV. It is believed that the accelerated electrons between 2 and 3.5 keV may destroy the Zn-N bond, which is responsible for the abnormal center for unexpected CL behavior, but further theoretical and experimental data are needed for confirmation. 
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Si (004) ZnO (100) Intenstiy (a.u.) Figures 3(a) and (b) exhibit the UV part of the PL spectra of the samples. It can be seen that there are free exciton, bound exciton, donor bound exciton (DBX), two-electron satellite (TES) recombination from high energy to low energy ( 3.4 eV -3.3 eV), and they can be assigned based on Meyer's work [10] . Besides these peaks, three interesting peaks are observed as shown in rectangle of Fig. 3(b) of the fresh N-doped ZnO film. These three peaks have been reported [11, 12] and assigned to the TES-1LO emission of the higher energy peak and N-related emission for the others. The N-related emission may be nitrogen-associated DAP and electron-acceptor emission according to Garces [11] . Hence, we consider that the two lower energy peaks are related to N-doping. After RTA, the two lower energy peaks disappear and only TES-1LO still exists in the PL spectrum. It seems that nitrogen is released from ZnO film during RTA. Meanwhile, sample (4) exhibits visible peaks with much higher intensity as displayed in Fig. 3(c) compared to sample (3) after RTA. The visible peaks are generally related to defects. It is thus believed that nitrogen is released from the ZnO film and more defects are formed in the N-doped ZnO film after annealing. X-ray photoelectron spectroscopy (XPS) results confirm our assumption. As shown in Figure 4 , there is a small amount of N in the fresh N-doped ZnO film, but no N can be detected after annealing. Based on our results, there are two conclusions: (1) The use of N 2 as the N source to achieve p-type doping in ZnO is difficult, and it is consistent with theoretical calculation [13] and (2) RTA can activate N in ZnO and enhance the p-type effect. However, RTA also reduces the solubility of N in ZnO, while in-situ RTA during film growth is more effective [14] . (3) and (4) 
CONCLUSION
ZnO films of various orientations (001), (110), and (100) have been fabricated on silicon substrate by the adjustable substrate biases at low substrate temperature. Dynamic cathodoluminescence (CL) reveals unstable Zn-N bonding if N 2 is used as the N predecessor. CL under various accelerated voltages shows the possible energies of Zn-N. The N-related PL spectra obtained at low temperature confirm that nitrogen is released during annealing and the results agree to theoretical calculation.
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